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Old Wine in a New Bottle:
Technidilaton as the 125 GeV Higgs
– Dedicated to the late Professor Yoichiro Nambu∗—
†
Koichi Yamawaki
Kobayashi-Maskawa Institute for the Origin of Particles and the Universe (KMI),
Nagoya University, Nagoya, 464-8602, Japan.
– One theme that emerged from these observations is that some concepts have a long life.
They may not always be right, but they can undergo reincarnations and become relevant
later (“old wine in a new bottle”, a remark we have heard).—Y. Nambu, Concluding
Remarks at SCGT 88.—
The first Nagoya SCGT workshop back in 1988 (SCGT 88) was motivated by the
walking technicolor and technidilaton. Now at SCGT15 I returned to the “old wine”
in “a new bottle”, the recently discovered 125 Higgs boson as the technidilaton. We
show that the Standard Model (SM) Higgs Lagrangian is identical to the nonlinear
realization of both the scale and chiral symmetries (“scale-invariant nonlinear sigma
model”), and is further gauge equivalent to the “scale-invariant Hidden Local Symmetry
(HLS) model” having possible new vector bosons as the HLS gauge bosons with scale-
invariant mass: SM Higgs is nothing but a (pseudo) dilaton. The effective theory of the
walking technicolor has precisely the same type of the scale-invariant nonlinear sigma
model, thus further having the scale-invariant HLS gauge bosons (technirho’s, etc.). The
technidilaton mass Mφ comes from the trace anomaly, which yields M
2
φF
2
φ ≃ [ 8NF
4
NC
] ·
(2.5)2 ·v4 via PCDC, in the underlying walking SU(NC) gauge theory with NF massless
flavors, where Fφ is the the decay constant and v = 246 GeV. This implies Fφ ≃ 5 v for
Mφ ≃ 125GeV ≃ 12v in the one-family walking technicolor model (NC = 4, NF = 8), in
good agreement with the current LHC Higgs data. In the anti-Veneziano limit, NC →∞,
with NCα = fixed and NF /NC = fixed (≫ 1), we have a result: M2φ/v2 ∼ M2φ/F 2φ ∼
1/(NFNC) → 0. Then the technidilaton is a naturally light composite Higgs out of
the strongly coupled conformal dynamics, with its couplings even weaker than the SM
Higgs. Related holographic and lattice results are also discussed. In particular, such a
light flavor-singlet scalar does exists in the lattice simulations in the walking regime.
1. Introduction
This talk is an impromptu substitute filling the hole of the cancellation of the talk to
be given by Volodya Miransky, my old friend, so this is a kind of personal sentiments
style rather than a scientific presentation. Sorry for that in advance.
History repeats itself: At the first SCGT workshop in 1988 motivated by our
∗deceased on July 5, 2015
†to appear in Proceedings of the Sakata Memorial KMI Workshop on “Origin of Mass and Strong
Coupling Gauge Theories” (SCGT15), March 3-6, 2015, KMI, Nagoya University, Nagoya, Japan
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work1,2 proposing the walking technicolor based on his paper3, the Volodya’s talk
was also cancelled, although he was a frequent repeater to many (out of ten) SCGT
workshops during the long period more than a quarter century 1988 - 2015.
Volodya discovered3 so-called Miransky scaling:
mF ≃ 4Λ · exp

− pi√
α
αcr
− 1

 ≪ Λ ( α
αcr
− 1≪ 1
)
(1)
in the scale-invariant gauge model (ladder model), an essential singularity scaling
analogous to the Berezinsky-Kosterlitz-Thouless phase transition (what we called
“conformal phase transition”4), wheremF (6= 0) is the spontaneous chiral symmetry
breaking (SχSB) solution of the ladder Schwinger-Dyson (SD) gap equation for the
fermion and Λ is the ultraviolet cutoff to regularize the theory to act as an intrinsic
scale ΛTC of the walking technicolor, similarly to the ΛQCD in QCD, responsible
for the trace anomaly θµµ ∝ Λ4 as the explicit breaking of the scale symmetry
manifesting itself as the running of the coupling in the ultraviolet region far bigger
than the SχSB scale mF .
The SχSB solution exists only in the strong coupling phase α > αcr 6= 0, where
the non-zero critical coupling αcr 6= 0 discovered by Maskawa-Nakajima5 is the
characterization of the strong coupling gauge theories (SCGT). It is a gauge analogue
of the non-zero critical coupling, G(NJL) > Gcr 6= 0, of the Nambu-Jona-Lasinio
(NJL) model6, which, despite the resemblance, should actually be distinguished
from the BCS dynamics having zero critical coupling G
(BCS)
cr = 0 (weak coupling
theory in broken phase even for infinitesimal coupling).a
Volodya further invented nonperturbative renormalization3 taking Λ → ∞ as
mF = fixed for the Miransky scaling Eq.(1), which yields a nonperturbative beta
function:8
β(NP )(α) = Λ
∂α(Λ)
∂Λ
∣∣∣∣∣
mF
= − 2pi
2αcr
ln3( 4ΛmF )
= −2αcr
pi
(
α
αcr
− 1
) 3
2
, (2)
α(µ) = αcr
[
1 +
pi2
ln2( µmF )
]
, (α > αcr 6= 0) (3)
Thus the coupling actually starts running nonperturbatively once the mF 6= 0 is
generated, even if the initial ladder coupling is scale-invariant (nonrunning). Besides
the explicit breaking by the intrinsic scale Λ, the scale symmetry is now explicitly
broken also by mF which was generated by the spontaneous breaking of the scale
symmetry, with the new trace anomaly (nonperturbative trace anomaly) |θµµ(NP )| =
a The characteristic weak coupling of the BCS theory is due to the existence of the Fermi surface
where the fermions are effectively in the 2-dimensional brane instead of 4 dimensional free space
bulk, whereas the Cooper pairs and Nambu-Goldstone (NG) modes are bosons and hence live in
the bulk to trigger the Higgs mechanism (Meissner effect), escaping the Mermin-Wagner-Coleman
theorem in genuine 2 dimensional theories.
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O(m4F )(≪ Λ4). From Eq.(2) we can see that the αcr 6= 0 is regarded as a nontrivial
ultraviolet fixed point, although the input ladder coupling α(µ2) = α in the infrared
region µ2 < Λ2 = Λ2TC is regarded as the nontrivial infrared fixed point. This opened
a new phase of the SCGT for the composite model and turned out to be the basics
of the whole walking dynamics.
We applied this Volodya’s result to the technicolor theory, and proposed what
we called “Scale-invariant Technicolor” (now called Walking Technicolor)1,2, where
we found a large anomalous dimension
γm = 1 (α > αcr) (4)
in the broken phaseb, as a solution of the Flavor-Changing-Neutral Currents
(FCNC) problem of the original Technicolor7,c and predicted a technidilaton, a
pseudo Nambu-Goldstone boson of the approximate scale symmetry, which is spon-
taneously broken at the same time as the SχSB due to the fermionic condensate
responsible for the electroweak symmetry breaking. The technidilaton was predicted
as a flavor-singlet technifermion bound state (not a glueball-type bound state), be-
having similarly to the standard model (SM) Higgs itself.
Below I will explain11 how the technidilaton is a naturally light and weakly
coupled composite Higgs out of strongly coupled underlying conformal gauge theory,
the walking technicolor, in the light of the anti-Veneziano limit NC , NF →∞ with
NF /NC =fixed ≫ 1 for SU(NC) gauge theory with NF massless flavors. The
technidilaton particularly for the one-family walking technicolor with NF = 8 and
NC = 4 is nicely fit to the current 125 GeV Higgs data at LHC.
11–13
The present SCGT15 workshop is entitled “Sakata Memorial · · · ”. Compos-
ite model is indeed Nagoya University tradition trace back to the late Professor
Shoichi Sakata, who invented the Sakata model14, a composite hadron model, in
1955 (published in 1956), which turned out to be the forerunner of the quark model
in 196415. In the context of the extended Sakata model with the four constituents
corresponding to the four lepton flavors, the famous Maki-Nakagawa-Sakata (MNS)
neutrino mixing was proposed in 196216. This motivated M. Kobayashi and T.
Maskawa, both disciples of Sakata, to believe in four quarks, with quark flavor mix-
ing counter to the MNS lepton flavor mixing, which was the initial motivation of
the paper of Kobayashi-Maskawa17, stepping eventually further to the six quarks
in 1972 (published in 1973), well before the J/ψ discovery in 1974.
The present SCGT15 workshop is also entitled “Origin of Mass · · · ”. The origin
bThe anomalous dimension in the unbroken phase (α < αcr) was known8 to be γm = 1 −√
1− α/αcr , which is irrelevant to the dynamical mass mF (6= 0 only for α > αcr) and hence
to the nonperturbative running of the coupling in Eq.(2).
cThe FCNC solution by the large anomalous dimension was proposed without concrete dynamical
model nor concrete value of the anomalous dimension at a hypothetical nontrivial fixed point in
the asymptotically non-free theory.9 Subsequently to our paper, a similar FCNC solution based
on the ladder-type SD equation was discussed10, without notion of the anomalous dimension nor
scale symmetry, and hence without technidilaton.
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of mass of all the SM particles is the Higgs VEV v =
√
−µ2
0
λ = 246GeV or the Higgs
mass M2φ = 2λv
2 = −2µ20 read from the Lagrangian:
LHiggs = |∂µh|2 − µ20|h|2 − λ|h|4 . (5)
Then the origin of mass is attributed to the mysterious input mass parameter of the
tachyon with the mass µ0 such that µ
2
0 < 0 as a free parameter. But why tachyon?
How is the tachyon mass determined? SM cannot answer to these questions.
Here we should recall that the spontaneous symmetry breaking was born as a
dynamical symmetry breaking, thanks to Professor Y. Nambu6, where the tachyon
is in fact generated as a dynamical consequence of the strong dynamics, but not
an ad hoc input. Before we discuss the dynamical origin of mass a la Nambu,
we first show18 that the SM Higgs Lagrangian itself possesses “hidden” symmetries
(scale symmetry and gauge symmetry, both spontaneously broken, i.e., nonlinearly
realized), in addition to the well-known symmetry (chiral symmetry, also sponta-
neously broken) to be gauged by the electroweak symmetry.
2. SM Higgs as a Dilaton: Hidden Scale Symmetry and Hidden
Local Symmetry in the SM Higgs Lagrangian18
Here we show18 that the SM Higgs Lagrangian Eq.(5) in the form of the linear
sigma model is rewritten into precisely the form equivalent to the scale-invariant
version of the chiral SU(2)L × SU(2)R nonlinear sigma model, as far as it is in the
broken phase, with both the chiral and scale symmetries spontaneously broken due
to the same Higgs VEV v 6= 0, and thus are both nonlinearly realized. The SM Higgs
Lagrangian is further shown to be gauge equivalent to the scale-invariant version19
of the Hidden Local Symmetry (HLS) Lagrangian20–22, which contains possible new
vector bosons, analogue of the ρ mesons, as the gauge bosons of the (spontaneously
broken) HLS hidden behind the SM Higgs Lagrangian.
Let us rewrite Eq.(5) as
LHiggs = 1
2
[
(∂µσˆ)
2
+ (∂µpˆia)
2
]
− 1
2
µ20
[
σˆ2 + pˆi2a
]− λ
4
[
σˆ2 + pˆi2a
]2
=
1
2
tr
(
∂µM∂
µM †
)− [µ20
2
tr
(
MM †
)
+
λ
4
(
tr
(
MM †
))2]
. (6)
where we have noted
h =
(
φ+
φ0
)
=
1√
2
(
ipˆi1 + pˆi2
σˆ − ipˆi3
)
, (7)
and 2× 2 matrix M reads
M = (iτ2h
∗, h) =
1√
2
(σˆ · 12×2 + 2ipˆi)
(
pˆi ≡ pˆia τa
2
)
, (8)
which transforms under G = SU(2)L × SU(2)R as:
M → gLM g†R , (gR,L ∈ SU(2)R,L) . (9)
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Note first that any complex matrix M can be decomposed into the Hermitian (al-
ways diagnonalizable) matrix H and unitary matrix U as M = HU ( “polar de-
composition” ):
M = H · U , H = 1√
2
(
σ 0
0 σ
)
, U = exp
(
2ipi
Fpi
)
(Fpi = v = 〈σ〉) . (10)
The chiral transformation of M is inherited by U , while H is a chiral singlet such
that:
U → gL U g†R , H → H , (11)
and U U † = 1 implies 〈U〉 = 〈exp
(
2ipi
Fpi
)
〉 = 1 6= 0, namely the spontaneous breaking
of the chiral symmetry is taken granted in the polar decomposition. Note that the
radial mode σ is a chiral-singlet in contrast to σˆ which is chiral non-singlet.
We further parametrize σ as
σ = v · χ , χ = exp
(
φ
Fφ
)
, (12)
where Fφ = v is the decay constant of the dilaton φ as the Higgs. The scale
(dilatation) transformations for these fields are
δDσ = (1 + x
µ∂µ)σ , δDχ = (1 + x
µ∂µ)χ , δDφ = Fφ + x
µ∂µφ . (13)
Note that 〈σ〉 = v〈χ〉 = v 6= 0 breaks spontaneously the scale symmetry, but
not the chiral symmetry, since σ (χ as well) is a chiral singlet. This is a nonlinear
realization of the scale symmetry: the φ is a dilaton, NG boson of the spontaneously
broken scale symmetry. Although χ is a dimensionless field, it transforms as that
of dimension 1, while φ having dimension 1 transforms as the dimension 0, instead.
Then the SM Higgs Lagrangian reads:18
LHiggs =
[
F 2φ
2
(∂µχ)
2 +
F 2pi
4
χ2 · tr (∂µU∂µU †)
]
− V (φ)
= χ2 ·
[
1
2
(∂µφ)
2
+
F 2pi
4
tr
(
∂µU∂
µU †
)]− V (φ) ,
V (φ) =
λ
4
v4
[(
χ2 − 1)2 − 1] = M2φF 2φ
8
[(
χ2 − 1)2 − 1] , (14)
which is nothing but the scale-invariant nonlinear sigma model11,12, with Fφ =
Fpi = v, plus the explicit scale-symmetry breaking potential V (φ) such that
δDV (φ) = λv
4χ2 = −θµµ whose scale dimension dθ = 2 (originally the tachyon
mass term) instead of 4: namely, the scale symmetry is broken only by the di-
mension 2 operator.d This yields the mass of the (pseudo-)dilaton as the Higgs
dNote that mass of all the SM particles except the Higgs is scale-invariant. By the electro-weak
gauging as usual; ∂µU ⇒ DµU = ∂µU − ig2WµU + igY UBµ in Eq.(14), we see that the mass of
W/Z is scale-invariant thanks to the dilaton factor χ, and so is the mass of the SM fermions f :
gY f¯hf = (gY v/
√
2)(χf¯f), all with the scale dimension 4.
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M2φ = 2λv
2, which is in accord with the Partially Conserved Dilatation Current
(PCDC):
M2φF
2
φ = −〈0|∂µDµ|φ〉Fφ = −dθ〈θµµ〉 = 2λv4〈χ2〉 = 2λv4 , (15)
with Fφ = v, where Dµ is the dilatation current: 〈0|Dµ(x)|φ〉 = −iqµFφe−iqx.
Hence the SM Higgs as it stands is a (pseudo) dilaton, with the mass arising
from the dimension 2 operator in the potential,
M2φ = 2λv
2 → 0
(
λ→ 0 , v =
√
−µ20
λ
= fixed 6= 0
)
(16)
(“conformal limit”18).e In fact the Higgs mass 125 GeV would imply λ =
M2φ/(2v
2) ≃ 1/8 ≪ 1. It should be noted that λ ≪ 1 (with v = fixed 6= 0) can be
realized even when the underlying theory is strong coupling, particularly when the
scale symmetry is operative, as we discuss below.
On the other hand, if we take the limit λ→∞, then the SM Higgs Lagrangian
goes over to the usual nonlinear sigma model without scale symmetry:
LNLσ = F
2
pi
4
tr
(
∂µU∂µU
†
)
, (17)
where the potential is decoupled and χ(x) ≡ 1 is frozen, so that the scale symmetry
breaking is transferred from the potential to the kinetic term, which is no longer
transform as the dimension 4 operator. This is known to be a good effective theory
(chiral perturbation theory) of the ordinary QCD which in fact lacks the scale sym-
metry at all, perfectly consistent with the nonlinear sigma model, Eq.(17). However,
it cannot be true for the walking technicolor which does have the scale symmetry,
and the effective theory must respect the symmetry of the underlying theory, in a
form of the scale-invariant nonlinear sigma model Eq.(14) in the conformal limit
λ→ 0.
Once rewritten in the form of Eq.(14), it is easy to see18 that the SM Higgs
Lagrangian is gauge equivalent to the “scale-invariant HLS model” (s-HLS)19, a
scale-invariant version of the HLS model20–22 f , which contains massive spin-1
states, spontaneously broken HLS gauge bosons, as possible yet other composite
states in some underlying theory hidden behind the SM Higgs:
Ls−HLS = LHiggs + LKinetic (Vµ) ,
LHiggs = χ2 ·
(
1
2
(∂µφ)
2
+ LA + aLV
)
− V (φ) , (18)
with a being an arbitrary parameter, and LKinetic (Vµ) is the kinetic term of the
HLS gauge boson Vµ which is obviously scale-invariant. The mass term of the HLS
eThis limit should be distinguished from the popular limit µ20 → 0 with λ =fixed 6= 0, where the
Coleman-Weinberg potential as the explicit scale symmetry breaking is generated by the trace
anomaly (dimension 4 operator) due to the quantum loop.
f The s-HLS model was also discussed in a different context, ordinary QCD in medium.23
September 4, 2018 15:35 WSPC Proceedings - 9.75in x 6.5in SCGT15Yamawaki page 7
7
gauge bosons is given by χ2 · aLV = χ2 · a(F 2pi/4)tr(gHLSVµ + · · · )2, which yields
the mass M2V = ag
2
HLS
F 2pi , (Fpi = v), where gHLS is the gauge coupling of the HLS.
For the low energy p2 < M2V where the kinetic term can be ignored, the HLS gauge
boson Vµ becomes just an auxiliary field to be solved away to yield LV = 0, and we
are left with χ2LA = χ2 ·(F 2pi/4)tr(∂µU∂µU †). Hence Ls−HLS is reduced back to the
original SM Higgs Lagrangian LHiggs in nonlinear realization, Eq.(14). Note that
the HLS gauge boson acquires the scale-invariant mass thanks to the dilaton factor
χ2, the nonlinear realization of the scale symmetry, in sharp contrast to the Higgs
(dilaton) which acquires mass only from the explicit breaking of the scale symmetry.
This form of the Lagrangian Eq.(18) is the same as that of the effective theory
of the walking technicolor, except for the shape of the scale-violating potential V (φ)
which has a scale dimension 4 (trace anomaly) in the case of the walking technicolor
instead of 2 of the SM Higgs case (Lagrangian mass term). We shall come back to
this later.
3. Composite Higgs from the NJL Model
Let us now elaborate the composite Higgs model based on the strong coupling theory
G > Gcr 6= 0 pioneered by Nambu. In the Nambu-Jona-Lasinio (NJL) model6 for
the NC−component 2-flavored fermion ψ the Lagrangian takes the form:
LNJL = ψ¯iγµ∂µψ + G
2
[
(ψ¯ψ)2 + (ψ¯iγ5τ
aψ)2
]
= ψ¯ (iγµ∂µ + σˆ + iγ5τ
apˆia)ψ − 1
2G
(
σˆ2 + pˆi2a
)
, (19)
where equation of motion of the auxiliary fields σˆ ∼ Gψ¯ψ and pˆia ∼ Gψ¯iγ5τaψ
are plugged back in the Lagrangian to get the original Lagrangian. In the large
NC limit (NC → ∞ with NCG 6= 0 fixed), after rescaling the induced kinetic term
to the canonical one, Z
1/2
φ σˆ → σˆ, the quantum theory for σˆ and pˆi sector yields
precisely the same form as the SM Higgs Eq.(6), with
µ20 =
(
1
G
− 1
Gcr
)
Z−1φ = −2m2F = −v2Z−1φ = −λv2 < 0 (G > Gcr =
4pi2
NCΛ2
)
λ = ZφZ
−2
φ = Z
−1
φ =
[
NC
8pi2
ln
Λ2
m2F
]−1
∼
[
NC
8pi2
ln
Λ2
v2
]−1
, (20)
where the gap equation has been used:
1
G
− 1
Gcr
= −NC
4pi2
m2F ln
Λ2
m2F
= −2m2FZφ = −F 2pi = −v2 . (21)
Eq.(20) shows that the tachyon with µ2 < 0 is in fact generated by the dynamical
effects for the strong coupling G > Gcr 6= 0, corresponding to the generation of mass
mF 6= 0 in the gap equation. Or, we can explicitly see it by computing the ψ¯ψ bound
state using the mF = 0 solution (wrong solution) of the gap equation at G > Gcr.
The correct spectrumM2pi = 0,M
2
σ = 2λv
2 = −2µ20 = 4m2F can be obtained when we
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use the correct solution mF 6= 0 in the gap equation. The last equality M2σ = 4m2F
is specific to the NC → ∞ (with NCG 6= 0 fixed) limit of the NJL model (“weak
coupling” limit G > Gcr ∼ 1/NC → 0 in the strong coupling phase), but not the
general outcome of the NJL model nor the generic linear sigma model.
There are two extreme limits for λ in Eq.(20) : λ→ 0 (NC ≫ 1 and/or Λ/v2 ≫
1) reproduces precisely the conformal limit, or scale-invariant nonlinear sigma model
limit, Eq.(14), of the SM Higgs Lagrangian, while λ→∞ (NC ,Λ2/v2 = O(1)) does
the nonlinear sigma model limit without scale symmetry, Eq.(17).
We are interested in the limit λ = [NC ln(Λ
2/v2)/(8pi2)]−1 → 0 (conformal limit
in Eq.(16)) realized for Λ/v → ∞ and/or NC → ∞, with v = Fpi = Fφ 6= 0 fixed.g
Then the effective Lagrangian in the large NC limit takes precisely the same as the
SM Higgs Lagrangian, which is further equivalent to the scale-invariant nonlinear
sigma model, Eq.(14), as mentioned before. Now the SM Higgs is identified with
the composite (pseudo-)dilaton with mass vanishing M2φ = 2λv
2 → 0.
The limit theory gives an interacting low energy effective theory even in the
Λ/v →∞ limit: a scale-invariant nonlinear sigma model 11,12 where massless pi and
φ are interacting each other with the (derivative) couplings∼ (1/Fpi, 1/Fφ) 6= 0. It is
actually the basis for the scale-invariant chiral perturbation theory (sChPT) with the
derivative expansion as a loop expansion24, although the Yukawa couplings of pi, φ to
the fermions are vanishing gY ∼ mF /Fpi,mF /Fφ → 0 (The composite particles are
still interacting due to the loop divergence compensation of the vanishing Yukawa
coupling). This limit should be sharply distinguished from a similar limit Λ/mF →
∞, mF =fixed (not Λ/v → ∞, v =fixed), which is the famous triviality limit
(Gaussian fixed point) where the theory becomes a free theory: free massive scalar
for G < Gcr and free tachyon for G > Gcr, with not just the Yukawa couplings but
all the couplings vanishing.
One might wonder why dilaton in NJL model? Obviously the NJL model has
the explicit scale-breaking coupling G having dimension [M ]−2. But this scale is
an ultraviolet scale to which the low energy effective theory is insensitive. This is
in exactly the same sense as in the walking technicolor where the intrinsic scale
ΛTC generated by the trace anomaly can be far bigger than the infrared scale of
spontaneous symmetry breaking Fpi , Fφ = O(v)≪ ΛTC thanks to the approximate
scale symmetry due to the almost nonnruning coupling.
Actually we can formulate the nonperturbative running of the (dimensionless)
four-fermion coupling g = NCΛ
2
4pi2 G in the same way as the Miransky nonperturbative
g If Λ is regarded as a physical cutoff in contrast to the nonperturbative renormalization arguments
below, this argument would not be realistic for the 125 GeV Higgs with λ ≃ 1/8, corresponding
to Λ ≃ v · e32pi2/NC ≫ 1019 GeV. For the NJL model with ND doublets, however, we would have
Λ ≃ v · e32pi2/(NDNC) ∼ 1011 GeV for ND = NC = 4.
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renormalization:h The gap equation Eq. (21) reads(
1
gcr
− 1
g
)
Λ2 = m2F ln
Λ2
m2F
≃ 4pi
2
NC
v2 , gcr = 1 , (22)
which leads to a nonperturbative beta function
β(g) = Λ
∂g(Λ)
∂Λ
∣∣∣∣∣
v=fixed
= − 2
gcr
g · (g − gcr) , g(µ) = gcr 1
1− 4pi2NCgcr v
2
µ2
(23)
by fixing v = constant and taking Λ → ∞. Thus g = gcr = 1 is the ultravio-
let fixed point that the running coupling g(µ) reaches even much faster than the
walking coupling in Eq.(3). Then the scale symmetry is operative g(µ) ≈ gcr for
the wide region 4pi
2
NCgcr
v2 < µ2 < Λ2, with the explicit scale symmetry breaking
in the dimension 2 operator: θµµ =
β(g)
g
G
2
[(
ψ¯ψ
)2
+
(
ψ¯iγ5τ
aψ
)2]
= −λv4χ2, i
where λ = 8pi2/[NC ln(Λ
2/v2)] → 0 as in Eq.(20). The PCDC follows precisely
the same way as in the SM Higgs as M2φF
2
φ = −d(ψ¯ψ)2〈θµµ〉 = 2λv4 (See below
Eq.(14)). In any case the trace of energy-momentum tensor vanishes in the limit
λ ∼ 1/[NC ln(Λ2/v2)] → 0, and the dilaton mass should come from the trace
anomaly in the 1/NC sub-leading loop effects, or the chiral loops of the effective
theory Eq.(14).
Again the spin 1 composites can also be introduced via HLS, precisely in the
same way as Eq.(18) for the SM Higgs Lagrangian. This time it can be done more
explicitly by introducing the vector/axialvector type four-fermion coupling which in
fact become the “explicit” composite HLS gauge bosons.(See section 5.3 of Ref.21).
One of the concrete composite Higgs models as the straightforward application
of the NJL type theory is the top quark condensate model (Top-Mode Standard
Model)25–27. The crucial ingredient of the model is again the non-zero critical
coupling in sharp contrast to the weakly-coupled BCS theory which has gcr = 0 as
already mentioned.: only the top quark coupling is strong coupling larger than the
critical coupling Gt > Gcr while others are less, Gb,c,s,d,u < Gcr, so that only the top
acquires the dynamical mass of order of weak scale O(v) to produce only three NG
bosons to be absorbed into theW/Z bosons25,27. The large NC limit relationMφ =
2mt is modified by the effects of the SM gauge interactions, Mφ ≃
√
2mt
27,28, and
further reduced by the non-leading order in 1/NC expansion
27. Different reductions
h The argument here is somewhat similar to the renormalizability arguments of the D-dimensional
NJL model (2 < D < 4)32 and the gauged NJL model33, although the explicit scale-breaking from
the Lagrangian parameters, i.e., the four-fermion interaction and fermion mass term (if present),
depend on the renormalization point (vanish at the UV limit).
i Note that −〈ψ¯iψj〉 = δi,jΛ2mFNC/(4pi2) = Z−1m δi,jv3NC/(4pi2), where Z−1m = Z−1m (Λ/v) =
(Λ/v)2 [NC ln(Λ
2/v2)/(4pi2)]−1/2 is the mass renormalization constant. This implies γm =
ZmΛ
∂Z−1m
∂Λ
= 2 − 1/ ln(Λ2/v2) → 2, and hence the operators have scale dimension dψ¯ψ = 1
and d(ψ¯ψ)2 = 2. Thus we may write ψ¯iψj = −Z−1m δi,jv3NC/(4pi2) · χ, or (G/2)(ψ¯ψ)2 =
2gΛ2v2 · χ2/[ln(Λ2/v2)]. The gap equation implies β(g)/g = −g(4pi2/NC)(v2/Λ2). Putting all
together, we have β(g)/g · (G/2) · (ψ¯ψ)2|g→gcr=1 = −λv4χ2.
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have been considered, top seesaw29, and its NG boson Higgs version30. Updated
detailed discussions are given in the talk by H. Fukano in this meeting.31
4. Composite Higgs in Walking Technicolor: Technidilaton as the
125 GeV Higgs
We have already seen that the SM Higgs is a dilaton in the conformal limit. Here I
come to the main subject, the technidilaton in the Walking Technicolor, the SCGT.
Details are given in the talk by S. Matsuzaki in this meeting.36
Let us discuss a typical walking technicolor, the QCD-like vector-like SU(NC)
gauge theory with NF massless technifermions, particularly near the “anti-
Veneziano limit” (in distinction to the original Veneziano limit withNF /NC ≪ 1):11
NC →∞ and λ ≡ NC · α = fixed, with r ≡ NF /NC = fixed ≫ 1 . (24)
Such a limit is ideal for the ladder approximation with nonrunning coupling,
since the coupling growth in the infrared region by the (anti-screening) gluon loops
is cancelled by the opposite (screening) effects of the increasing fermion loops as
NF increases, and eventually levels off by balance at certain large number NF >
N∗F (≫ 2) (NF < 11NC/2), as realized by the infrared (IR) fixed point α∗ such that
β(perturbative)(α = α∗) = 0 as demonstrated in the two-loop beta function (Caswell-
Banks-Zaks (CBZ) IR fixed point)37, with N∗F ≃ 8(NC = 3). Thus the input
perturbative coupling in the SD equation becomes almost nonrunning, α(µ2) ≃
α∗, in the infrared region µ
2 < Λ2TC (infrared conformality), where ΛTC is the
intrinsic scale, analogous to the ΛQCD, generated by the perturbative trace anomaly
responsible for the perturbative (asymptotically-free) running of the coupling in the
UV region µ2 > Λ2TC. It plays the role of the cutoff Λ in the ladder approximation.
Then the anti-Veneziano limit Eq.(24) corresponds to the original walking tech-
nicolor1,2 based on the ladder SD equation in Landau gauge for the fermion prop-
agator iS−1F (p) = γ
µpµ − Σ(−p2), with the gauge coupling α(p2) ≡ g(p2)2/(4pi2) ≡
α =constant for |p2| < Λ2 = Λ2TC, which has the broken solution, Σ(p2 =
−m2F ) = mF 6= 0, in the strong coupling phase C2α∗ > C2αcr = pi/3 6= 0, where
C2 = (N
2
C − 1)/(2NC) is the quadratic Casimir. All the ladder results are intact in
the limit: Eqs.(1-4 ) and the technidilaton as a composite Higgs. While in the weak
coupling phase (“conformal window”) C2α∗ < C2αcr, there remains the unbroken
approximate scale symmetry, and no bound states exist (“unparticle”).
When α ≃ α∗ > αcr, such that NF > N crF (≃ 4NC > N∗F )38, the SD equation
has spontaneous breaking solution mF 6= 0, arising from the technifermion conden-
sate 〈F¯F 〉 6= 0, which obviously breaks both chiral symmetry and the scale symme-
try spontaneously. The scale symmetry is also broken explicitly by the same origin
mF 6= 0: the would-be IR fixed point actually is washed out, with the coupling start-
ing running (walking) as in Eq.(3), according to the nonpertubative beta function
Eq.(2) responsible for a tiny nonperturbative trace anomaly of dimension 4 operator:
θµµ = β
(NP)(α)/(4α) · G2µν = O(m4F )(≪ Λ4TC), where Gµν is the technigluon field
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strength withG2µν also induced by themF . (Usual (perturbative) trace anomaly cor-
responding to the asymptotically free running of order O(Λ4TC), has been subtracted
out.) In accord with the smallness of the trace anomaly, the coupling is still almost
nonrunning as in Eq.(3) for a wide infrared region mF < µ < ΛTC (mF ≪ ΛTC).
Note11 that Eq.(2) has a multiple zero at α = αcr ≃ α∗ (not linear zero) and is
completely different from the two-loop beta function having the CBZ IR fixed point
(having linear zero at α∗) which is no longer valid in the broken phase α > α∗ ≃ αcr,
where α(µ) ց αcr (µ ր). Then the would-be IR fixed point α∗ ≃ αcr is also
regarded as the UV fixed point of the nonperturbative running (walking) coupling
α(µ) ≈ αcr 1 in the wide IR region mF < µ < Λ = ΛTC for the characteristic large
hierarchy mF ≪ ΛTC 39,40. (See also Ref.41 for a similar observation.) See Fig. 1.j
Αcr
Α*
mF LTC~LETC
ln
Μ2
LTC
2
Α 0
β
α
α
*
αcr
Fig. 1. Possible perturbative running coupling (left) and the beta function (right) in the region
α < αcr, in comparison with the nonperturbative region α > αcr.
Now we come to our core result, ladder evaluation of the nonperturbative trace
anomaly in the anti-Veneziano limit, which then yields the mass Mφ and decay
constant Fφ of the technidilaton φ through PCDC
2 as in Eq.(15):11,40
M2φF
2
φ = −dθ〈θµµ〉 = −
β(NP)(α(µ2))
α(µ2)
〈G2µν(µ2)〉 ≃ NCNF
16
pi4
m4F (dθ = 4) (25)
≃ 2.5
[
8
NF
4
NC
]
v4 . (v = 246GeV) (26)
Firstly, the rightmost value in Eq.(25) can be obtained by two different ladder
calculations: one through direct evaluation of the vacuum energy by the effective
potential at the stationary point (Solution of the SD equation, Σ = Σsol)
44, E =
Veff(Σ = Σsol) = 〈θ00〉 = (1/4)〈θµµ〉, the other through the ladder evaluation of the
j Note also that the walking technicolor in the UV region µ2 > Λ2TC must be changed into only
a part of some larger picture, such as the Extended Technicolor (ETC)42 or models having both
technifermions and SM fermions as composites on the equal footing43, to provide the mass to
the SM fermions through communicating technifermion condensate to the SM fermions, so that
discussing the walking technicolor in isolation does not make sense for µ2 > Λ2TC.
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trace anomaly11,40, i.e., the technigluon condensate 〈G2µν〉 times the nonperturba-
tive beta function Eq.(2), both in precise agreement with each other. The agreement
is in highly nontrivial manner, being independent of the renormalization point µ as it
should be: 〈G2µν (µ2)〉 ∼ ln3(µ2/m2F ), while β(NP)(α(µ2))/α(µ2) ∼ 1/ ln3(µ2/m2F ),
precisely cancelled by each other.11
Secondly, Eq.(26) is obtained by use of the Pagels-Stokar formula:
v2 = (246GeV)2 = NDF
2
pi ≃ NFNC
1
4pi2
m2F ≃ m2F
[
NF
8
NC
4
]
, (27)
and the result indicates important NF , NC− dependence of M2φF 2φ in the anti-
Veneziano limit when v = fixed11. Since the technidilaton is a flavor-singlet bound
state, its decay constant by definition scales like F 2φ ∝ NFNCm2F (∝ v2) (Actually
F 2φ ≃ NFNCm2F ). Then M2φ/F 2φ ,M2φ/v2 ∼ 1/(NFNC) → 0 in the anti-Veneziano
limit, where the technidilaton becomes NG boson although no exact massless limit
exists: the situation is in the same sense as the η′ meson in the original Veneziano
limit NC →∞ with NCα =fixed, and NF /NC ≪ 1.k
Numerically, Eq.(26) implies that
Fφ ≃ 5 v for Mφ ≃ v
2
≃ 125GeV (NF = 8, NC = 4) , (28)
in the one-family model, which is best fit to the current LHC data of the 125 GeV
Higgs.11,12 Similar results are also obtained in the holographic model for the walking
technicolor.13
5. Discovering Walking Technicolor at LHC
Now to the LHC phenomenology of the walking technicolor. Details are given in the
talk by S. Matsuzaki in this meeting.36 The model has in general a larger chiral sym-
metry SU(NF )L ×SU(NF )R (NF > 2) spontaneously broken by the technifermion
condensate 〈F¯F 〉 6= 0, or the technifermion dynamical mass mF 6= 0, down to
the diagonal SU(NF )V . Also spontaneously broken by the same technifermion con-
densate is the approximate scale symmetry due to the almost nonruning (walking)
coupling α(µ2) ≈ αcr in the wide infrared region m2F < µ2 < Λ2TC (mF ≪ Λ2TC).
Moreover the scale symmetry is simultaneously broken explicitly by the same origin
mF 6= 0, an emergent infrared mass scale, resulting in the nonperturbative trace
anomaly of dimension 4 operator as was given in Eq.(25).
The effective theory should have the same symmetry structure as the un-
derlying theory. Namely, the nonlinear realization of both the chiral symme-
try and the scale symmetry, which implies the scale-invariant nonlinear sigma
k There exists no exact massless limit in the conformal phase transition at α = αcr, with mF = 0,
where no massless spectrum exists (conformal phase), in sharp contrast to the Ginzburg-Landau
phase transition where the spectrum continuously passes through the phase transition point with
massless particles.4
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model11,12. Then the effective theory of the walking technicolor with NF mass-
less flavors takes precisely the same scale-invariant form as the nonlinearly realized
SM Higgs Lagrangian in Eq.(14), with U = eipi
a Ta being NF × NF unitary ma-
trix (trT a = 0 , tr(T aT b) = δab/2, a = 1, · · · , N2F − 1), except that the explicit
scale breaking comes from the different potential V (4)(φ) l responsible for the trace
anomaly of dimension 4 operator this time:11,12
LWTC = χ2 ·
[
1
2
(∂µφ)
2
+
F 2pi
4
tr
(DµUDµU †)
]
− V (4)(φ) − V (SM)(φ) ,
V (4)(φ) = − lnχ · β
(NP)(α)
4α
G2µν =
M2φF
2
φ
4
χ4
(
lnχ− 1
4
)
V (SM)(φ) = −χ2−γm (mfχf¯f)− lnχ
[
βF (αs)
4αs
G(gluon)µν
2
+
βF (αe)
4αe
F (γ)µν
2
]
,
χ = exp
(
φ
Fφ
)
, (29)
where Fφ 6= Fpi = v/
√
ND = v/
√
NF /2 in general in contrast to the SM Higgs case
Fφ = Fpi = v, the electroweak gauging was done as usual ∂µU ⇒ DµU = ∂µU −
ig2WµU+igYUBµ, and we have added V
(SM)(φ), the scale symmetry breaking terms
related to the SM particles arising from the technifermion contributions: mass term
of the SM fermion f , (one loop) technifermion contributions to the trace anomaly for
the gluon and photon operators, with βF (gs) =
g3s
(4pi)2
4
3NC and βF (e) =
e3
(4pi)2
16
9 NC .
It is obvious that θµµ
(TC) = −δDV (4)(φ) = β(NP)(α)/(4α) ·G2µν = −(M2φF 2φ/4)χ4 up
to total derivative, corresponding to the PCDC with dθ = 4 (〈χ〉 = 1), Eq.(25).
The technidilaton potential V (4)(φ) is expanded in φ/Fφ:
V (4)(φ) = −M
2
φF
2
φ
16
+
1
2
M2φ φ
2 +
4
3
M2φ
Fφ
φ3 + 2
M2φ
F 2φ
φ4 + · · · , (30)
which shows a remarkable fact that in the anti-Veneziano limit the technidila-
ton self couplings (trilinear and quartic couplings) are highly suppressed: λφ3 =
4M2φ/(3Fφ) ∼ 1/
√
NFNC , λφ4 = 2M
2
φ/F
2
φ ∼ 1/(NFNC), by Mφ/Fφ ∼ 1/
√
NFNC
and Mφ ∼ N0FN0C . Numerically, we may compare the technidilaton self couplings
with those of the SM Higgs with mh = Mφ = 125 GeV for v/Fφ ≃ 1/5 in the
l This potential is indeed obtained by the explicit ladder computation of the effective potential
at the conformal phase transition point: V (4)(φ) = −(4NFNCm4F /pi4)χ4(lnχ − 1/4), in precise
agreement with Eq.(29) through Eq.(25). See Eq.(65) in Ref.4
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one-family model (NF = 8, NC = 4):
11
λφ3
λh3
SM
∣∣∣∣∣
Mφ=mh
=
4M2φ
3Fφ
m2
h
2v
∣∣∣∣∣
Mφ=mh
≃ 8
3
(
v
Fφ
)
≃ 0.5 ,
λφ4
λh4
SM
∣∣∣∣∣
Mφ=mh
=
2M2φ
F 2
φ
m2
h
8v2
∣∣∣∣∣
Mφ=mh
= 16
(
v
Fφ
)2
≃ 0.6 . (31)
This shows that the technidilaton self couplings, although generated by the strongly
coupled interactions, are even smaller than those of the SM Higgs, a salient feature
of the approximate scale symmetry in the ant-Veneziano limit !!
The coupling of the technidilaton (Mφ = 125 GeV) to the SM particles can be
seen by expanding χ = 1 + φ/Fφ + (1/2!)(φ/Fφ)
2 + · · · in Eq.(29):
gφWW/ZZ
ghSMWW/ZZ
=
gφff
ghSMff
=
v
Fφ
. (32)
gφgg
ghSMgg
≃ v
Fφ
· (1 + 2NC) , gφγγ
ghSMγγ
≃ v
Fφ
·
(
63− 16
47
− 32
47
NC
)
, (33)
where besides the technifermion, only the top and W of the SM contributions were
included at one-loop. Note the couplings in Eq.(32) with v/Fφ ∼ 1/5 are even
weaker than the SM Higgs, which are however compensated by those in Eq.(33) for
gg and γγ rather enhanced by the extra loop contributions of the technifermions
other than the SM particles, particularly for large NC , resulting in signal strength
similar to the SM Higgs within the current experimental accuracy.
In fact the current LHC data for 125 GeV Higgs are fit by the technidilaton
as good as by the SM Higgs, particularly for NF = 8, NC = 4, i.e., near the anti-
Veneziano limit.12 Most recent detailed analyses are given in Ref.11. It should be
mentioned here that the one-family model will be most naturally imbedded into the
ETC in the case for NC = 4
47. More precise data at LHC Run II will discriminate
among them, SM Higgs or technidilaton. We will see.
Next to the technipions: in the walking technicolor with ND = NF /2 > 1, the
spontaneous breaking of the chiral symmetry larger than SU(2)L×SU(2)R produces
NG bosons (technipions) more than 3 to be absorbed into W/Z. Let us take the
one-family model with NF = 8, which has colored techniquarks (3 weak doublets)
Qai and non-colored technileptons (one weak-doublet) Li (a = 1, 2, 3; i = 1, 2), the
resultant chiral symmetry being SU(8)L× SU(8)R 45. There are 63 technipions, 60
of which are unabsorbed technipions. All of them acquire the mass from the explicit
chiral symmetry breaking due to the SM gauge and ETC gauge interactions. Due
to the large anomalous dimension γm ≃ 1, the mass of them are all enhanced to
TeV region46, which will be discovered at LHC Run II.
Another signatures of the walking technicolor are higher resonances such as the
spin 1 boson, the walking techni-ρ, walking techni-a1, etc.. The straightforward
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NF extension of Eq.(18) is also obvious: Eq.(29) is gauge equivalent to the scale-
invariant HLS Lagrangian explicitly constructed for one-family walking technicolor
with NF = 8
19:
Ls−HLS = LWTC + LKinetic (Vµ) ,
LWTC = χ2 ·
(
1
2
(∂µφ)
2
+ LA + aLV
)
− V (4)(φ) , (34)
where the HLS gauge bosons Vµ in the mass term aχ
2LV = ae2φ/Fφtr(gHLSVµ+· · · )2
are the bound states of the walking technicolor, the walking techni-ρ, with mass
M2V = ag
2
HLS
F 2pi being scale-invariant thanks to the overall technidilaton factor χ
2,
as mentioned before. The loop expansion is formulated as the scale-invariant HLS
perturbation theory18 in the same way as the scale-invariant chiral perturbation
theory24, a straightforward extension of the (non-scale-invariant) HLS perturba-
tion theory22. The HLS is readily extendable to include techni-a1, etc.
20–22, with
a infinite set of the HLS tower being equivalent to the deconstructed extra dimen-
sion34 and/or the holographic models35, and the scale-invariant version of them
are also straightforward and mass of all the higher HLS vector bosons are scale-
invariant, an outstanding characterization in sharp contrast to other formulations
for the spin 1 bosons. We will see at LHC Run II.
6. Walking on the Lattice
Finally, I briefly mention the walking technicolor on the lattice focussing on our
own results by LatKMI. Updated details are given in the talks by Y. Aoki, K-i.
Nagai and H. Ohki in this meeting48. The LatKMI Collaboration started in 2010
for the lattice simulations on the possible candidate for the walking technicolor
by systematic studies of the NF = 16, 12, 8, 4 degenerate fermions in SU(3) gauge
theories (dubbed “Large NF QCD”), using the HISQ (Highly Improved Staggered
Quarks) action with tree-level Symanzik gauge action. We have mainly focused on
the low-lying fermionic bound states (plus some gluonic ones), i,e., pseudoscalar
(denoted as pi), scalar (σ, a0), vector (ρ), axialvector mesons (a1), and nucleon-
like states (N,N∗), particularly the flavor-singlet scalar σ as a candidate for the
technidilaton.
We found49 that NF = 12 is consistent with the conformal window indicating
no spontaneous chiral symmetry breaking, which is in agreement with the results
of many other groups. We further found50 that NF = 8 is consistent with the
spontaneously broken phase with remnants of the conformality with large anomalous
dimension γm ≃ 1, namely the walking theory, in accord with other groups51.
The most remarkable result of the LatKMI Collaboration is the discovery of a
light flavor-singlet scalar on the lattice in both NF = 12
52 and NF = 8
53. The
NF = 12 results are also consistent with other groups
54. Since NF = 8 seems to be
a walking theory in the broken phase, the light flavor-singlet scalar is particularly
attractive as a candidate for the technidilaton. Also NF = 8 is of phenomenological
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relevance to the LHC data as well as direct relevance to the one-family model as the
most natural model building. Future confirmation of our results is highly desired.
Also NC = 4 simulations should be studied for various reasons as mentioned before.
I am really proud of the LatKMI Collaboration, although it will loose funding
soon.
7. Summary
I have argued that the 125 GeV Higgs is a (pseudo-)dilaton even if it is described by
the Standard Model Higgs Lagrangian (!!) which is actually shown to be equivalent
to the scale-invariant nonlinear sigma model with both chiral and scale symmetries
are nonlinearly realized. The SM Higgs Lagrangian is further gauge equivalent to
the scale-invariant Hidden Local Symmetry (HLS) Lagrangian which include new
massive vector bosons as the gauge bosons of the (spontaneously broken) HLS, with
the mass being scale-invariant.
All these features of the SM Higgs Lagrangian are reminiscence of the confor-
mal UV completion behind the Higgs, the existence of the underlying theory with
(approximate) scale symmetry, so strong coupling as to produce composite states
such as the Higgs (dilaton), new vector bosons (HLS gauge bosons), etc.. We have
seen that even the NJL model, though not gauge theory, can be regarded as such
a conformal UV completion. The walking technicolor, conformal SCGT, is such
a typical underlying theory, where the 125 GeV Higgs is a composite dilaton, the
technidilaton.
The walking technicolor in the anti-Veneziano limit NC →∞ with NCα =fixed
= O(1) and NF /NC = fixed (≫ 1) makes the ladder approximation reasonable,
which yields a naturally light and weakly coupled technidilaton through the PCDC:
M2φF
2
φ = −4〈θµµ〉 = −
β(α(µ2))
α(µ2)
〈G2µν(µ2)〉 ≃ NCNF
16
pi4
m4F , (35)
independently of the renormalization point µ, where the scale symmetry is explicitly
broken by the trace anomaly of the dimension 4 operator G2µν , which is induced
by mF the dynamical mass of the technifermion arising from the simultaneous
spontaneous breaking of the scale symmetry and the chiral symmetry.
I have defined “strong coupling theories” as “those having non-zero critical cou-
pling” NCgcr = O(1), even though its value could be small g ∼ 1/NC ≪ 1 in the
typical large NC limit. The NJL model pioneered by Professor Nambu is the first
and a typical example of such, to be distinguished from its preceding, the BCS
theory, which has a zero critical coupling gcr = 0. Existence of such a non-zero
critical coupling in gauge theory was discovered by Maskawa and Nakajima in the
scale-invariant dynamics, ladder approximation, and became crucial for the walk-
ing technicolor with the coupling NCα > NCαcr = O(1) in the spontaneous broken
phase of the scale symmetry as well as the chiral symmetry.
The existence of the non-zero critical coupling is actually “hidden” even in the
QCD which is regarded to have only one phase in the ordinary situation without
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signal of the no-zero critical coupling: it manifests itself in the extreme condition,
such as the large number of fermions NF ≫ NC (so as to keep the asymptotic
freedom), high temperature, high density, etc..
Indeed, it is the large NF QCD that models the walking technicolor where the
large number of fermions give the screening effects and level off of the infrared
coupling which otherwise brows up due to the gluon anti-screening effects (Caswell-
Banks-Zaks infrared fixed point). For large NF with the fixed point value smaller
than the critical coupling, the spontaneously broken phase is gone (what we called
conformal phase transition). Then the infrared scale invariance becomes manifest.
I would infer existence of the similar “hidden” nonzero critical coupling even for
ordinary QCD at high temperature and/or high density, where the infrared cou-
pling cannot blow up in the region below the temperature/density scale, effectively
frozen in the infrared region (effective scale symmetry similar to the walking tech-
nicolor). If the frozen coupling is smaller than the hidden “critical coupling”, then
the spontaneously broken phase would be gone, resulting in the quark-gluon plasma
and/or the alternative color superconductor (genuine BCS weak coupling for the
Fermi surface (only for quark, not anti-quark)). Then the effective scale invariance
would manifest itself.
I am retiring from KMI, Nagoya University as of March 2015. This meeting will
probably be the last one of the series of the Nagoya SCGT workshops. I hope that
future of the Strong Coupling Gauge Theories will be fruitful ever, no matter how
the SCGT workshop might be over. LHC and lattice activity will tell us something.
Thank you everybody, with my never-ending dream to toast to the old wine in a
new bottle.
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[Note added] After the SCGT15 workshop, there appeared an interesting report
on the 2 TeV excess in the diboson channels55. We have argued56 that this would
be a most natural candidate for the walking techni-ρ as a gauge boson of the Hidden
Local Symmetry described by the scale-invariant HLS model in Eq.(34)19. We fur-
ther found18,57 that a salient feature of this possibility is the scale symmetry which
forbids the decay of the walking techni-ρ to the 125 GeV Higgs (technidilaton) plus
W/Z (what we called “conformal barrier”), in sharp contrast to the popular “equiv-
alence theorem”. This applies not only to the techni-ρ but also to all the higher
vector/axialvector resonances as the HLS gauge bosons, having scale-invariant mass.
The LHC Run II will tell us whether or not it is the case.
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